† Background Although plants and many algae (e.g. the Phaeophyceae, brown, and Rhodophyceae, red) are only very distantly related they are united in their possession of carbohydrate-rich cell walls, which are of integral importance being involved in many physiological processes. Furthermore, wall components have applications within food, fuel, pharmaceuticals, fibres (e.g. for textiles and paper) and building materials and have long been an active topic of research. As shown in the 27 papers in this Special Issue, as the major deposit of photosynthetically fixed carbon, and therefore energy investment, cell walls are of undisputed importance to the organisms that possess them, the photosynthetic eukaryotes ( plants and algae). The complexities of cell wall components along with their interactions with the biotic and abiotic environment are becoming increasingly revealed. † Scope The importance of plant and algal cell walls and their individual components to the function and survival of the organism, and for a number of industrial applications, are illustrated by the breadth of topics covered in this issue, which includes papers concentrating on various plants and algae, developmental stages, organs, cell wall components, and techniques. Although we acknowledge that there are many alternative ways in which the papers could be categorized (and many would fit within several topics), we have organized them as follows: (1) cell wall biosynthesis and remodelling, (2) cell wall diversity, and (3) application of new technologies to cell walls. Finally, we will consider future directions within plant cell wall research. Expansion of the industrial uses of cell walls and potentially novel uses of cell wall components are both avenues likely to direct future research activities. Fundamentally, it is the continued progression from characterization (structure, metabolism, properties and localization) of individual cell wall components through to defining their roles in almost every aspect of plant and algal physiology that will present many of the major challenges in future cell wall research.
INTRODUCTION
Amongst the first microscope images are those of cork, whichreportedly due to their visual appearance -led Robert Hooke to coin the term 'cell' (Hooke, 1665) . In fact what are most clearly seen in these images are the (extensively thickened cork) cell walls. Recognition that cell walls are not rigid but that they are instead metabolically active and responsible for expansive cell growth and differentiation occurred some 200 years later (Sachs, 1887) . The development of, and advances in, many technologies (including microscopy; McCann and Knox, 2011; Domozych, 2012) have alternately challenged and progressed our understanding of the carbohydrate-rich cell walls possessed by plants and algae (Fry, 2000; Durachko and Cosgrove, 2009; Foster et al., 2010a, b; Albersheim et al., 2011; Popper, 2011; Avci et al., 2012; Moller et al., 2012; Pattathil et al., 2012; Agger et al., 2014; Mitra and Loqué, 2014) . As the major deposit of photosynthetically fixed carbon (Krässig, 1993; Heinze, 2005) , and therefore energy investment, cell walls are of undisputed importance to the organisms that possess them, photosynthetic eukaryotes ( plants and algae). The complexity of cell wall components along with their interactions with the biotic and abiotic environment are becoming increasingly revealed (Sørensen et al., 2010; Fry, 2011; Popper et al., 2011; Fangel et al., 2012) and discussion of the role of cell walls in plant and algal evolution was recently included in the second edition of The Evolution of Plants (Willis and McElwain, 2014) , highlighting the extent of reach into other areas within the plant sciences. Cell wall diversity is the result of differential expression of the vast array of genes, present in plants and algae that code for carbohydrate-active enzymes (Michel et al., 2010; Yin et al., 2010; Coutinho and Henrissat, 2011) according to cell, organ, tissue and plant/algal source, as well as their developmental stage, and impacts on their industrial applications as well as their biological functions (de Siqueira et al. 2010; Stengel et al., 2011; Burton and Fincher, 2014) . As a consequence of the importance of cell walls and the numerous techniques required to characterize them, and their components, the community of researchers studying cell walls is both multi-disciplinary and highly dynamic. This is perhaps reflected by the number of cell wall-focussed activities. For example, in the last 5 years, there have been 'cell wall'-themed focus editions in Plant Physiology (2010) (Australia, 2014) . 'The increasing pace of remarkable discoveries in the field' was remarked upon by Albersheim et al. (2011) in the preface to their textbook Plant Cell Walls, itself an indication of the demand for, and necessity and extent of current knowledge in this field.
This Issue
The collection of papers published in this Special Issue represents only a small selection of the expanse of contemporary plant and algal cell wall-focussed research, highlighting areas of recent progress; the number of papers submitted to this Special Issue illustrates the high level of activity in this area of biological research. The 27 featured papers include those focussed on: specific algae (the Fucales, charophycean green algae, Penium margaritaceum) and plants (Arabidopsis thaliana, Ceratopteris richardii, grapes, maize, Miscanthus and members of the Orobanchaceae), different plant organs (roots, pollen tubes, seed coats, pollen, and fruit), as well as individual cell wall components (arabinogalactan proteins, callose, galactans, rhamnogalacturonan II, pectins, and wall-localized or -acting proteins). The methodologies employed in the research described in these papers are also derived from rapidly evolving, state-of-the-art biochemical, molecular, cell biology, immunological and even ecological technologies, further supporting the modern synthesis of disciplines used to study cell walls. Even a precursory glance at this list suggests that many of the papers could easily fit within one or more of the categories that we have divided them into, highlighting the interconnected nature that is an inherent feature of much cell wall research.
CONTENT SUMMARIES

Cell wall biosynthesis and remodelling
Wall biosynthesis has been a predominant interest in cell wall research (Ulvskov, 2011) . The papers in the first category of this Special Issue focus on how the complex components that make up the wall are made, and how they are modified during expansive cell growth and development. Krishnamoorthy et al. (2014) review how the construction and maintenance of cell wall components are dependent on endomembrane trafficking, and discuss the role of the signalling molecules known as phosphoinositides in vesicle trafficking and their potential impact on cell wall architecture. This is followed by a review by Bashline et al. (2014) that discusses new insights into trafficking of the cellulose synthase complex (CSC). CSCs are responsible for synthesis of cellulose, the most abundantly occurring and renewable wall component in land plants, and the wall component currently most exploited, for example as fuel (both traditional fuels such as wood and in the emerging biofuel industries) and for textile fibres, building materials (such as wood) and paper. Lamport et al. (2014) speculate on the role of arabinogalactan proteins (AGPs) in signalling and morphogenesis, whereas the next paper in this section (Hijazi et al., 2014 ) also focuses on AGPs but clearly shows the interaction and binding of AGP31 to galactan side-chains of rhamnogalacturonan I. The authors propose that AGP31 may form complex supra-molecular scaffolds with other wall components, thereby supporting rapid plant growth.
Following cessation of expansion, some land plant cell walls synthesize secondary walls, which often perform specialized functions; for example, the secondary cell wall of xylem cells facilitates water transport. In the next review paper of this issue, Ko et al. (2014) consider the how biosynthesis of the secondary wall, including cellulose, hemicellulose and lignin, is co-ordinated and regulated through the network regulated by the transcription factor MYB46.
Root biology has seen a recent renewal in research activity (Lux and Rost, 2012; Szymanowska-Pułka, 2013; White et al., 2013) . The next five manuscripts in this issue examine the various aspects of the involvement of cell walls in root and root hair growth. Rajasundaram et al. (2014) carry out a detailed bioinformatics-based analysis of the arabidopsis root transcriptome and translatome to compare expression patterns of wall synthesis genes. Seifert et al. (2014) use mutant analysis in combination with growth regulators and inhibitors to study the role of fasciclin-like arabinogalactan proteins (FLAs), thought to modulate signalling upstream of wall component synthesis. Seifert et al. (2014) strengthen this hypothesis through their finding that FASCICLIN LIKE ARABINOGALACTAN PROTEIN 4 and abscisic acid act synergistically to regulate cell wall biosynthesis and normal root growth. Kozlova et al. (2014) investigate the arrangement of mixed-linkage glucan, glucoarabinoxylan and cellulose microfibrils in maize roots, and develop a model describing how the fine structure is modified during expansive cell growth. The theme of expansive growth is also the subject of the next paper in this section. In this case Larson et al. (2014) characterize VTI1 3 (a member of the SNARE gene family) showing that it has an essential role in root hair growth. In the remaining paper within this sub-section, regulation of a pectin methylesterase, PECTIN METHYLESTERASE17, is shown to be controlled by a subtilisin-type serine protease (Sénéchal et al., 2014) . The authors find that the genes AtPME17 and AtSBT3.5 are co-expressed during root development and knock-outs exhibit impaired root growth.
The next two papers discussthe development of plant reproductive features. In the first paper Dumont et al. (2014) reveal that the stability of pollen tube walls, necessary for their elongation and successful fertilization, is dependent on rhamnogalacturonan II (RG-II). Their research also provides new insight into the biosynthesis of RG-II. In the final manuscript of this section, Quilichini et al. (2014) apply cryo-fixation and transmission electron microscopy to the study of anther development. The highly detailed images and information they are able to capture using this technique offer a new perspective on pollen development and are likely to be the springboard for many new advances in this area.
Cell wall diversity
Cell wall composition has been shown to differ between different plant groups Sørensen et al., 2010; Fangel et al., 2012) and impacts on their interactions with the environment. The last decade has seen an enormous increase the number of plants and algae whose cell walls are being studied, as well as the specific conditions under which they are being investigated. The papers in this section focus on characterization of cell wall components from less-well-studied organisms and the natural and induced (e.g. through extraction) variability in cell wall components.
Brown algae are evolutionarily only distantly related to land plants but are photosynthetic, multicellular and possess cell walls, thereby allowing interesting comparisons. DeniaudBouët et al. (2014) use chemical and enzymatic fragmentation methods to aid characterization of the extracellular matrix in members of the Fucales and, based on their results, generate a cell wall model for this order that is analogous to those that have been developed for flowering plants. They consider this structure in relation to the evolution of brown algae and the rapidly changing coastal environment that they in habit.
The following two papers could equally be placed within cell wall biosynthesis and modelling but are considered in this section as they focus on members of the charophycean green algae (CGA), the closest living ancestors of land plants, which provide glimpses into how the land-plant cell wall evolved. Mikkelsen et al. (2014) analyse the currently available transcriptomes to gain insight into the evolution of the biosynthetic machinery of the CGA. Penium margaritaceum provides many advantages as a model for cell wall studies, particularly now methods for its transformation are available , and Ochs et al. (2014) investigate the developmental coordination of the cytoskeleton with cell wall development in this unicellular member of the CGA. They describe the unique cytoskeletal components, satellite microtubule bands, which are involved in cell division.
The next manuscript in this section exhibits how cell wall variation can occur within species. North et al. (2014) review mucilage production in seed coats of natural variants of arabidopsis and are able to link this to potential adaptive functions, such as dispersal mechanisms, as well as the potential of this variation to assist in the identification of genes involved in polysaccharide synthesis. Another paper highlighting within-species variation is presented by da Costa et al. (2014) , who describe genotypically derived differences, including digestibility, in the cell wall composition of the biomass crop, Miscanthus. In addition, they point out that this source of variation is frequently masked by developmental-and tissue-derived variation, indicating the necessity to study cell walls at multiple levels. Developmental variation is also considered by Moore et al. (2014) , who study grape berry (Vitis vinifera) fruit. They are able to identify specific changes in cell wall components, including decreases in pectic-b-(1,4)-galactan epitopes and increases in extensin and arabinogalactan protein epitopes as the cell walls are remodelled during ripening; specific wall components being linked with distinct ripening stages. Variation in cell wall composition can also be tissue-and cell-derived, and Eeckhout et al. (2014) describe one such case. Ceratopteris richardii (C-Fern), a model fern amenable to stable transformation (Plackett et al., 2014) , is of particular interest for cell wall studies as features of its lifecycle allow relative ease of comparison between the (haploid) gametophyte and (diploid) sporophyte generations (Leroux et al., 2013) . Detailed analysis of cell wall components from the two generations indicates a functional, rather than genetic, source for the variation found between them (Eeckhout et al., 2014) .
Xyloglucans are found in most land plants that have been investigated; however, diversity has been found to exist in their composition (Hoffman et al., 2005; Peña et al. 2008) and in their abundance. For example, the cell walls of grasses (Poales) contain less xyloglucan than those of the eudicotyledons. This is seemingly mismatched by the similarity in gene family size in rice and arabidopsis of the xyloglucan endotransglucosylase/hydrolases (XTHs) responsible for xyloglucan remodelling. In the next manuscript of this issue, Hara et al. (2014) investigated the specificity of XTHs in rice and discover that redundancy may, at least partly, explain the disproportionate size of the XTH gene family in Poales compared with the low abundance of xyloglucan.
Cell wall components are often characterized following extraction. Many of the extraction conditions can alter the structure of the component and can, in some cases, have an impact on their properties. This induced variation is of particular importance in the context of commercially valuable components. A good example of this is the differences in composition of pectin (a wall component used for its viscosity in the food and pharmaceutical industries) extracted using different chemical conditions, as highlighted by Kaya et al. (2014) . Buffetto et al. (2014) also describe chemically induced variation in wall composition; however, they additionally observe natural variation in rhamnogalacturonan II from a single wine cultivar.
Interactions with the environment
Plants and algae necessarily interact with their biotic and abiotic environment and the papers in this category look at how plant cell walls are impacted by a number of specific influences. In the first paper in this section, Engelsdorf and Hamann (2014) look at how plants sense cell wall functional integrity following damage caused by abiotic and biotic stresses, including pathogen attack. Ellinger and Voigt (2014) follow this with a viewpoint paper that considers what has been learned about callose biosynthesis in the last decade. Callose, (1 3)-bglucan, is a polymer with specific importance in maintaining wall integrity that is frequently, although not exclusively, produced in response to stress. Ellinger and Voigt (2014) summarize what is known about the synthesis, deposition and effectiveness of callose as an induced barrier against pathogen ( predominantly bacterial and microbial) attack. Some plants have evolved the ability to parasitize and obtain nutrients from other plants (Kuijt, 1969) . Although they have received considerably less attention in this regard, in common with bacterial or fungal attack, parasitism involves breaching of host cell walls, and changes in host cell wall composition are likely. What is less intuitive, and is highlighted by Pielach et al. (2014) , is the distinctive cell wall composition and architecture of the hyaline body, part of the specialized attachment and feeding structure known as the haustorium, and the compositional changes, including AGP-enrichment and pectin de-esterification, that occur within it during haustorial maturation.
Application of new technologies to cell walls
The papers in this category report advances gained through the application of specific techniques to cell walls; more specifically, atomic force microscopy (AFM), which is emerging as an important tool within cell wall biology. Paniagua et al. (2014) review the use of AFM toward characterizing changes in pectins, including their solubilization, depolymerization and demethylesterfication, that occur during fruit ripening and lead to the associated textural changes. AFM is also used by Zhou et al. (2014) , this time to investigate the properties of AGPs ex situ. Although they have been attributed with many roles, the function of AGPs remains somewhat elusive. Zhou et al. (2014) find that an AGP isolated from arabidopsis could organize into specific structures on surfaces. This insight may lead to novel understanding of how AGPs are presented on cell surfaces and eventually to an improved understanding of their role(s).
CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS
The fact that 'plants [and many algae] invest much more effort in cell walls than in nuclei' (Fry, 2006) demands that in order to know how plants and algae function, be it motivated purely by curiosity or for application, we must gain as much knowledge as possible about cell walls. It also suggests that there is rather a lot to find out about cell walls! Obtaining evidence to answer most questions leads, inevitably, to more questions being raised. This is of course true for all areas of knowledge, but within cell wall research the current rate of discoveries is extremely rapid -driven partly by technologies developed by researchers focussed on cell walls and related (and even sometimes quite disparately allied) research areas, but also by their application to novel questions. A clear example of this is the application to cell wall biology of the advances made in microscopy (Domozych, 2012; Quilichini et al., 2014; Zhou et al., 2014) . Widespread recognition of the differences in cell wall composition between different plant and algal groups has lead to diversification of the plants and algae whose walls are being characterized by researchers ( Fig. 1) and may lead to improved understanding of their evolution and survival strategies (e.g. as exemplified by the scenarios discussed by Pielach et al. 2014, Fig. 2, and North et al., 2014, Fig. 3) , and to potentially novel uses of their cell wall components. Expansion of the industrial uses of cell walls is an avenue likely to direct future research activities. However, fundamentally, it is the continued progression 
FIG. 2.
Rhinanthus, a dicotyledonous plant that is parasitic on other plants. More precise tools allowing in situ localization of cell wall components have facilitated the investigation of complex interchanges between plants and their biotic environment, for example during pathogenic, parasitic and symbiotic interactions (Jackson et al., 2012; Pielach et al., 2014) . Image: Anna Pielach.
from characterization (structure, metabolism, properties and localization) of individual cell wall components (although this is far from complete, and remains necessary) through to seeking evidence for their roles in almost every aspect of plant and algal physiology that presents many of the major challenges in cell wall research. We hope that this Special Issue will provide inspiration for future cell wall-focussed research.
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